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Abstract 
The waterway counts as a main and costly part of a hydro power project. Excavating tunnels for waterways by rock-
blasting is a rapid method compared to utilizing tunnel boring machines (TBM). However the variation in cross-
section geometry and surface roughness that arises in unlined rock-blasted tunnels results in a considerable increase 
in head loss due to friction. Several empirical formulas are available to calculate the total friction loss of an unlined 
hydro-power tunnel. However, the existing methods of documenting the final geometry, such as manual measuring, 
leveling and photographing, are time-consuming and introduce uncertainty. 
Recent development of terrestrial laser scanners (TLS) has increased the efficiency and accuracy of surface 
measurements. Improved documentation of the geometry of these hydraulic structures enables higher accuracy in 
hand-calculations, as well as in physical and numerical modeling.  
This paper investigates the application of TLS on existing rock-blasted hydro power tunnels. The measuring 
procedures and results from a test performed by a Topcon GLS-1500 scanner are presented. The result shows that 
three dimensional representations of the tunnel geometry can be derived in an efficient way with high accuracy. 
Hence, this method yields as an efficient method to document the geometry and estimate the roughness of an existing 
unlined hydro power tunnel. Parameters such as accuracy, resolution, time consume and costs are investigated in the 
current study. 
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1. Introduction 
Documenting the final geometry of an unlined rock-blasted hydro tunnel is laborious. The dark and 
humid environment provides a number of obstacles for measuring. Manual measuring, leveling and photo 
profiling have earlier been used to document the final geometry of hydro power tunnels. These techniques 
are laborious and introduce indisputable uncertainty, which potentially can lead to inadequate data quality. 
Hence, the documentation of the final geometry of hydro power tunnels is highly simplified.  
An accurate description of the final geometry of the tunnel serves as a basic and necessary tool for 
inspection, maintenance work, and optimizing production. In addition, when combined with a roughness 
analysis, it enables a correct hand calculations, physical and numerical hydraulic modeling. Therefore any 
techniques to improve the charting of the geometry of rock-blasted hydro power tunnels are highly 
valuable. The technique described here not only provides the desired improvement, but can also be 
utilized to evaluate the roughness of the tunnel.  
s, is a measure of the roughness of the pipe wall [1]. It is a necessary 
input parameter performing hydraulic calculations, and can be utilized as a quality parameter during 
construction of new tunnels. By application of Colebrooks formula (1) the resulting friction loss can be 
found:  
 
        (1) 
 
 
  
Re=Reynolds number  
Rh= hydraulic radius [m] 
The hydraulic radius is defined as area over wet perimeter. Hydraulic radius equals Rh 0,5 for 
tunnels with semi-circular roof, vertical walls and horizontal inver
width and height. For ideal tunnel section Rh=0,265A0,5. The last term in formula (1) is neglected for 
complete turbulent flow at a rough surface. The friction factor can be utilized to estimate the head losses 
by application of the well-known Darcy-Weissbach equation.                                                  
A TLS potentially presents an efficient and more accurate alternative to traditional measurement 
techniques. The current generation of measuring equipment in the form of TLS provides the possibility to 
accurately measure complex surfaces [2]. This paper investigates how a TLS can be used to obtain the 
geometry and estimate the roughness of a part section of an unlined rock-blasted hydro power tunnel. 
2. Experiments and results 
2.1. Study site  
This experiment was performed in a sand trap in the tunnel system of Tonstad Hydro Power Plant. The 
191 meter long rock-blasted sand trap with an average cross section area equal 130 m2 has been in 
operation for 26 years. The experiment was motivated by turbine damages indicating that sediments were 
transported beyond the sand trap. Several theories are suggested to explain this phenomenon. The 
common factors in these theories were the questions related to the presence of air, and air-water 
interaction.  
The existing documentation of the sand trap described the tunnel roof as smooth and the cross-section 
area as uniformed. Hence, the existing documentation inhibits an evaluation of the possibility of air 
pockets being entrapped due to large roof roughness. Therefore scope of this experiment was to 
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investigate the possibility to create a three-dimensional model of the sand trap, and to estimate its surface 
roughness. 
Normally there is no reflectance from water surfaces [3]. The reflectivity of a surface material is 
governed by incidence angle, the surface roughness and other material properties, like electric 
permittivity, magnetic permeability and conductivity [4]. Several measures exist to quantify reflectivity, 
such as specular, hemispherical and bi-directional [5].  
During the operation organic rich soil is washed out from the wet-land surrounding reservoirs. These 
particles follow the water transportation toward the hydro power plant. Thus, the rock wall surface of old-
established most Norwegian hydro power tunnels is covered by a 0,1-0,5 mm layer of wet organic sludge. 
Hence, this investigation includes an assessment of the effect of the wet organic layer on the performance 
of a measurement by a TLS. 
A temporary production stop enabled access to the measurement site. The sand trap was drained, and 
due to its inclination most of the concrete floor became free of water. A leakage at the upstream gate 
caused the formation of several ponds and high air humidity.  
2.2. Terrestrial laser scanner  
Topcon GLS-1500 brand of TLS was utilized in this study. The Topcon GLS-1500 sends out a pulsed 
invisible (1535nm) laser beam that captures 30000 points per second at a range of 150 m on a dry surface 
with normal reflectivity. Its field-of-view is 360 degrees horizontal and ±35 degrees vertical. The 
maximum sample density is 1 mm at 100m and single point accuracy is quoted as 4mm at 1 to 150m. 
However, the range, target detection accuracy and single point accuracy differ depending on weather 
conditions and atmospheric stability. Furthermore, the scanning rate varies with the scanning range.  
In recent years, the utility of TLS instruments has been shown in the study of coastal cliffs, 
measurement of high rock slopes and characterization of rock surface roughness [6]. However, the studies 
-blasting hydro tunnels are limited.  
 
2.3. Measurements  
The detailed scanning of the sand trap was conducted by stepwise horizontal and vertical scanning. 
-line, which located the instrument 
at a height of approximately 1,5m above the ground floor. The resulting distance to the rock surface 
varied between 5 to 15m. A tilt-able bracket fixed on top of the tripod enabled both vertical and 
horizontal scans. Approximately 100 m of the tunnel was mapped by performing of 17 horizontal scans. 
The point clouds taken from different scan positions were aligned into the same global coordinate system 
by creating tie point constraints between target scans.  A target scan is an accurate scan of a retro-
reflective target. Three equal targets scans must be captured by the two following scans.  
Operating the scanner on the highest possible angular resolution for each scan provided point clouds 
containing 70 000 to 170 000 points on the rock surface.  The variation in point density is assumed to be 
caused by variation in range and humidity, both on the measurement surface and in air. Seven vertical 
scans were performed for comparison, showing a reduction in points from 20 to 40 present. However, 
horizontal scanning is up to four times as time-consuming as performing vertical scan. 
Manual measurements of the wall roughness enable a comparison of the accuracy of the TLS data. 
These measurements were conducted by establishing an artificial zero line parallel the tunnel axis and the 
tunnel wall by setting up a tape measure. The distance between the zero line and the wall was measured at 
each 0,5 m interval. Two zero lines were measured, one at the each side of the tunnel.       
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2.4. Post-processing  
 The horizontal scans data was aligned by the processing software ScanMaster developed by Topcon 
positioning systems. These point clouds were merged into one new mutual point cloud. Cross-section and    
longitudinal profiles were generated by ScanMaster. The raw data were filtered by removing points that 
deviated with more than 0,2 m from measured average data position were removed. The cross-section 
areas and distances between zero line and wall were found by applying the software MicroStation 8.1. 
Examples of these profiles are shown in Figure 1.  
 Three dimensional models were created by exporting the merged point cloud as a las-file to the 
software Leica Cyclone where noise was removed. Furthermore a three dimensional model was defined 
by a surface mesh generated by the software 3DReshaper. Finally the cross-section and longitude profiles 
were generated by the software Gemini Terreng. Examples of three dimensional models are shown in 
Figure 2. 
 
 
Fig. 1. (a) Cross-section profile; (b) Longitude profile 
 
Fig 2. (a) Cross-section of a three dimensional model; (b) Longitude section of three dimensional model 
2.5. Roughness analysis 
The roughness of a rock-blasted tunnel is complex. Analyses of roughness can be used to estimate the 
friction loss in a tunnel. The friction loss in a hydro tunnel is influenced by the cross section area, size, 
shape and roughness of the tunnel surface.  
Previously, several methods to estimate the roughness of an unlined hydro power tunnel have been 
proposed. Each of them was based on the existing measuring equipment available at the time of 
development. IBA method is based on the application of a laser scanner [7]. Hence this method is utilized 
for the TLS data. The IBA method is a statistical method. The wall roughness and cross section roughness 
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is calculated from the root mean square (rms) of the corresponding measurements. This method is valid 
for measurements conducted with narrow spacing between cross-sections. The total roughness is found by 
adding the surface roughness and the variation of cross section area. 
 
Wall roughness  
An estimate of the wall roughness is found by calculating the rms by given formula: 
 
 
(1) 
 
 
xi= the distance between a zero line parallel the tunnel axis and the tunnel wall [m].   
= average distance between a zero line parallel the tunnel axis and the tunnel wall [m]. 
n= number of measurements in each longitudinal section  
 
The method has following assumptions: 
 Fixed distance between measurements (0,25-0,5 m) 
 Minimum number of measurements as 50 
 Minimum number of longitudinal sections as 3 (left wall, tunnel roof, right wall) 
 Length of one longitudinal section is set to 20-25 m  
 
An important assumption when applying this method is that the zero line is held as parallel to the 
tunnel axis as possible. Tunnel section with large over break will influence the roughness. The resulting 
wall roughness of the three longitudinal sections is found by using variance:  
 
 
 
        (2) 
 
m= number of longitudinal sections and VARi = variance of x for each longitudinal section. 
 
Cross section roughness 
The cross section roughness is found by calculating the variation of cross section area, A. Variation of 
the tunnel cross section area describes variation of the tunnel radius.  
 
 
        (3) 
       
 
Ai = tunnel area cross-section i [m] 
A = average tunnel area [m] 
n= number of longitudinal sections  
 
 
The method has the following assumptions: 
 Minimum number of  measurements as 50 
 A fixed distance between measurements (0,5-1,0 m) 
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The resulting cross section roughness of the measured sections is found similar as for wall roughness:  
 
        (4) 
       
 
m= number of longitudinal sections 
 
Total roughness 
The total roughness is the sum wall and cross-section roughness. Total roughness 
given by: 
 
  = rmswall + rmscross section      (5) 
2.6. (4)Results 
Areas and distanced obtain from the profiles of the sand trap are analyzed by the IBA method. The wall 
roughness was calculated from both TLS data and manual measurements. The results shown in the table 1 
below indicate that the deviation between the two measurements is 0,05m. This deviation implies that the 
measurements by TLS overestimate the wall roughness. This is also confirmed in other studies [2].  The 
591.   
Table 1: Results from roughness analysis 
Measuring method rmswall [m]  
TLS 0,38  
Manual measurement 0,33  
3. Discussion  
This preliminary study shows the advantage of applying TLS for measuring the detailed geometry and 
the roughness of rock-blasted hydro tunnels. This technique can provide data that yield detailed and 
correct as-built construction drawings. Hence, production optimizing, inspection and maintenance of 
existing tunnels can be based on geometry documentation with higher accuracy. In addition, by frequent 
employment of roughness analyses during construction, drilling procedures can be adjusted in order to 
reduce the final friction loss. 
In order to perform a scan the hydro tunnel has to be drained. Cost due to the halting of production 
highly limits the accessibility resulting in one opportunity of scan for each tenth to fifteen year of 
operation.  The scanning technique presented in this paper requires a drained ground floor, since a water 
surface normally provides no reflectance.  
The TLS results tend to overestimate the wall roughness. This is assumed to be due to noise in the raw 
data. In order to achieve data with higher accuracy, further studies should be conducted. Development of 
procedures to remove noise from raw-data should be emphasized. However, the advantages in simplicity 
and rapid on-site evaluation make it promising despite the calibration issues. 
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4. Conclusion  
The final document on the geometry of an unlined rock-blasted hydro power tunnels is found highly 
simplified. This fact introduced uncertainties to hydraulic analyses of the construction. Application of a 
terrestrial laser scanner provides new possibilities to efficiently measure, document the geometry and 
calculate the roughness of unlined hydro tunnels. Further investigation should aim for post-processing 
methods that remove noise from raw data. 
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